ABSTRACT
INTRODUCTION
Genetic variation at the apolipoprotein E gene (APOE) locus is an important determinant of serum LDL-cholesterol concentrations. In general, carriers of the APOE*E2 (E2) allele have lower LDL-cholesterol concentrations and carriers of the APOE*E4 (E4) allele have higher LDL-cholesterol concentrations than do homozygotes for the APOE*E3 (E3) allele (1) (2) (3) (4) . However, these effects may be modulated by factors such as age, sex, ethnicity, and environmental conditions (5) (6) (7) . Several gene ϫ diet (fat and cholesterol) interactions were reported to be associated with the variability in LDL-cholesterol response to dietary intervention (8, 9) . Other interactions with behavioral factors, such as smoking and alcohol intake, have been explored less. The effect of alcohol intake on plasma lipids and coronary heart disease (CHD) has been the subject of extensive research. Both case-control and cohort studies have described a J-or U-shaped association between alcohol intake and CHD (10, 11) and between alcohol intake and all-cause mortality (12) . Men and women with an intake of 1-2 drinks/d (moderate alcohol intake) appear to have the lowest risk of CHD (13) (14) (15) . Experimental and observational studies reported that moderate alcohol intake is associated with increased HDL-cholesterol concentrations (16, 17) . This information was summarized in a recent meta-analysis that concluded that alcohol intake is causally related to a lower risk of CHD because of changes in lipid and hemostatic factors (18) . However, the effect of alcohol intake on LDL cholesterol is unclear and was not presented in this metaanalysis. In general, weak direct (19) or inverse (20, 21) associations between alcohol and LDL-cholesterol concentrations have been reported, as have no associations (22, 23) . Interestingly, Hein et al (24) examined the connection between alcohol, LDL cholesterol, and risk of CHD in a cohort study and showed that the effect of alcohol on the risk of CHD depends on LDL-cholesterol concentrations. The inconsistency of the results reported by different studies suggests that other factors, including genetic variability, may modify the association between LDL-cholesterol concentrations and alcohol intake. The purpose of this population-based study was to examine whether variation at the APOE locus modulates the association between alcohol drinking and LDL-cholesterol concentrations.
SUBJECTS AND METHODS

Subjects and study design
This study was carried out by using a cross-sectional design. The details of the design and methods of the Framingham Offspring Study are presented elsewhere (25) . Starting in 1971, 5124 subjects were enrolled (26) . Blood samples for DNA analysis were collected between 1987 and 1991. Lipid phenotypes, DNA, and information on CHD risk factors and diet were available for 1014 men and 1133 women who attended the fifth examination visit of the Framingham Offspring Study, conducted between 1992 and 1995; these participants were free of CHD (including myocardial infarction, angina pectoris, and coronary insufficiency), were not taking lipid-lowering medication, were not receiving estrogen replacement therapy, and had plasma triacylglycerol concentrations ≤ 4.52 mmol/L. Nearly all subjects were white. Data on smoking, height, and weight were obtained as described previously (26, 27) . All procedures were approved by the institutional human investigation review boards.
Plasma lipid and lipoprotein measurements
Twelve-hour fasting venous blood samples were collected in tubes containing 0.1% EDTA. Plasma was separated from blood cells by centrifugation (1600 ϫ g, 10 min, 4 ЊC) and was used immediately for lipid measurements. Plasma total cholesterol, HDL-cholesterol, and triacylglycerol concentrations were measured as described previously (28) . HDL cholesterol was measured after precipitation of apolipoprotein (apo) B-containing lipoproteins with dextran sulfate-magnesium sulfate (29) . LDLcholesterol concentrations were estimated with the equation of Friedewald et al (30) . CVs for total cholesterol, HDL-cholesterol, and triacylglycerol measurements were each < 5% (31) .
DNA isolation and genotyping
Leukocyte DNA was extracted from 5-10 mL whole blood with the method described by Miller et al (32) . APOE genotypes were determined as described by Hixson and Vernier (33) . A 244-base pair fragment of the APOE gene, which included the 2 polymorphic sites, was amplified by polymerase chain reaction in a DNA Thermal Cycler (PTC-100; MJ Research, Inc, Watertown, MA) by using oligonucleotide primers F4 and F6. Each reaction mixture was heated at 90 ЊC for 2 min, followed by 35 cycles of amplification (94 ЊC for 40 s, 62 ЊC for 30 s, and 72 ЊC for 1 min). The polymerase chain reaction products were digested with 5 units of HhaI and the fragments were separated by electrophoresis in an 8%-polyacrylamide nondenaturing gel. After electrophoresis, the gel was treated with ethidium bromide for 30 min and the DNA fragments were visualized by using ultraviolet illumination.
Dietary information
Dietary intake was estimated with the semiquantitative foodfrequency questionnaire of Willett et al (34) . This questionnaire includes 136 food items, with questions concerning intakes of beer, wine, and spirits. Subjects were asked to report their frequency of use of each item per day, week, or month. Intake frequencies are linked with nutrient data at Harvard University to obtain estimates of daily intakes (35) . We measured fat intake in absolute values (g/d) and as a percentage of total energy intake. Subjects were classified into 3 groups according to saturated fat intake: low (≤ 10% of energy/d), moderate (10-14% of energy/d), and high (≥ 14% of energy/d). Saturated fat was strongly correlated with total fat (r > 0.9, P < 0.001); therefore, total fat was not included in the multivariate models with saturated fat.
Alcohol
We calculated alcohol intake (in g/d) for each individual on the basis of the type and amount of alcoholic beverages consumed in the previous year. Two different models were considered. In the first model, subjects were divided between nondrinkers (those who reported no intake of alcohol for several years before the examination) and drinkers (those who reported intake of any amount of alcohol). The second model tested doseeffect relations between alcohol and LDL-cholesterol concentrations. Three groups were defined according to the reported daily intake of alcohol: no intake (0 g/d), moderate intake (< 26.4 g alcohol/d for men and < 13.2 g/d for women), and high intake (≥ 26.4 g alcohol/d for men and ≥ 13.2 g alcohol/d for women). These gram amounts correspond to Ϸ1 drink/d for women and Ϸ2 drinks/d for men. On the basis of epidemiologic studies with health outcomes, these amounts were defined by several organizations as the upper cutoff for moderate drinking (36) .
Statistical analyses
The SAS statistical package (version 6.12; SAS Institute Inc, Cary, NC) was used for the analyses. Triacylglycerol values were log 10 transformed and alcohol intake was square-root transformed to improve normality for statistical testing with continuous variables. To assess mean differences for continuous variables between sexes, Student's t test for independent groups was used. One-way analysis of variance (ANOVA) was used for multiple comparisons of means. P values for linear trends between categories were also calculated in the ANOVA by partitioning the between-group sums of squares into trend components. Bonferroni tests were applied to correct for multiple comparisons. Allele frequencies were estimated by gene counting. Chi-square tests were conducted to compare differences between observed and expected frequencies, assuming HardyWeinberg equilibrium (37) , and to test for differences in percentages between groups. Pearson correlation coefficients were calculated to describe crude associations between total fat and saturated fat, dietary cholesterol, energy intake, and alcohol intake (g/d) in men and women by APOE allele type. Partial correlation coefficients were also estimated with adjustment for one or more confounding variables.
Analysis of covariance was carried out by using the general linear model procedure to evaluate the relation between LDLcholesterol concentrations and categorical independent variables, with control for the effect of continuous independent variables, and to test the effect of interaction terms. We used analysis of covariance techniques that accounted for the familial relations among the study participants (mostly siblings and cousins). We used a repeated-measures approach (PROC MIXED; SAS Institute Inc) that assumed an exchangeable correlation structure among all members of a family. To test the null hypothesis of no interactions between APOE allele groups and environmental factors, analysis of covariance was performed that included LDL-cholesterol concentration as the outcome variable and alcohol intake (2 categories) and APOE allele group (3 categories) as fixed factors (main effects and two-way interaction); age, BMI, and total energy intake as continuous covariates; and saturated fat intake (3 categories) and tobacco smoking (2 categories) as control factors.
To estimate the extent, direction, and strength of relations between LDL-cholesterol concentrations and several independent variables, with or without interaction terms, multiple linear regression analysis with dummy variables (for categorical and interaction terms) was applied. The interaction terms between alcohol intake dummies and APOE allele groups were created as two-factor products. Regression diagnostics (analysis of residuals, influence of outliers, and colinearity) were used to check the assumptions and to assess the accuracy of computations. The average effects of the 3 APOE allele groups on LDL-cholesterol concentrations in the whole male cohort and in alcohol drinking and nondrinking men were calculated by using the formula of Sing and Davignon (38) .
RESULTS
Demographic, anthropometric, dietary, and plasma lipid data for the study subjects (1014 men and 1133 women) by sex and alcohol intake status are summarized in Table 1 . All variables, except age, LDL-cholesterol concentrations, and tobacco smoking, differed significantly between men and women. The genotype frequencies of the 3 APOE alleles (E2, E3, and E4) were not significantly different by sex and did not deviate significantly from those predicted by the Hardy-Weinberg equilibrium (37) . The observed allele frequencies were 0.82, 0.11, and 0.071 for the E3, E4, and E2 alleles, respectively.
Plasma lipid concentrations and dietary intakes by sex in carriers of the E2 allele (E2/E3 and E2/E2 genotypes), those homozygous for the E3 allele (E3/E3 genotype), and carriers of the E4 allele (E3/E4 and E4/E4 genotypes) are shown in Table 2 . Subjects with the E2/E4 genotype (15 men and 18 women) were excluded from this analysis. APOE allele type had a significant effect on total and LDL-cholesterol concentrations in both men and women (P < 0.001). Subjects with the E2 allele had significantly lower total cholesterol and LDL-cholesterol concentrations than did subjects with the E3 or E4 allele. After Bonferroni correction, no significant differences in means were observed between subjects with the E3 and E4 alleles. Mean dietary intakes of total fat, saturated fat, cholesterol, and alcohol did not differ significantly between APOE allele types.
There were highly positive and significant Pearson correlation coefficients between saturated fat and cholesterol and energy intakes in both men and women but no significant differences in intakes by APOE allele type ( Table 3) . Alcohol intake showed no significant associations with nutrients and a weak positive association with energy intake. The highest correlation coefficient (r = 0.268, P < 0.01) for alcohol and energy intakes was observed in men with the E2 allele.
More men (80.6%) than women (69.8%) drank alcohol (P < 0.001) and more men (21.2%) than women (17.5%) had a high intake of alcohol (P < 0.001). The percentage of current smokers was not significantly different between sexes (19% in both groups). Saturated fat intake, expressed as a percentage of energy intake, was lower in women than in men (P < 0.02). In men, 41.2%, 45.7%, and 13.1% consumed low, moderate, and high amounts of saturated fat, respectively; in women, the corresponding values were 45.7%, 43.6%, and 10.7%, respectively.
In men, mean LDL-cholesterol concentrations were higher in drinkers (3.34 ± 0.79 mmol/L) than in nondrinkers (3.21 ± 0.80 mmol/L; P = 0.018). Conversely, in women, mean LDLcholesterol concentrations were higher in nondrinkers (3.28 ± 0.84 mmol/L) than in drinkers (3.17 ± 0.88 mmol/L) (P = 0.021). Mean LDL-cholesterol concentrations in men and women according to APOE allele type and alcohol intake are shown in Figure 1 . In male nondrinkers, mean LDL-cholesterol concentrations did not differ significantly across APOE allele types; the expected lowering effect of the E2 allele was absent and the usual elevating effect of the E4 allele was reversed. In male drinkers, significant differences in LDL cholesterol (P < 0.001) were observed between APOE allele types. Subjects with the E2 allele had the lowest concentrations and subjects with the E4 allele had the highest concentrations. We observed that LDLcholesterol concentrations in drinkers with the E2 allele were significantly lower than those in nondrinkers with the E2 allele (2.84 compared with 3.28 mmol/L). Conversely, mean LDL cholesterol was higher in drinkers than in nondrinkers with the E4 allele (3.54 compared with 3.09 mmol/L; P < 0.001). In subjects with the E3 allele, mean LDL-cholesterol concentrations did not differ significantly by alcohol intake status (3.29 mmol/L in nondrinkers and 3.38 mmol/L in drinkers). In women, the expected effect of APOE alleles on LDL-cholesterol concentrations occurred in both drinkers (P < 0.001) and nondrinkers (P < 0.001). Similar results were obtained when mean LDL-cholesterol concentrations were stratified by age group (< and ≥ 47 y). The results of regression models of the association between APOE alleles and alcohol intake, after control for possible confounding factors, are summarized for men and women separately in Table 4 . We observed a highly significant interaction (P = 0.001) between alcohol intake and the effect of APOE allele status on LDL-cholesterol concentrations in men. In women, this interaction term was not significant. The results obtained with these models confirm the interaction between APOE allele group and alcohol intake shown in Figure 1 . The interaction between alcohol intake and APOE allele status remained significant in men after age, BMI, saturated fat intake, energy intake, and tobacco smoking were controlled for. The regression coefficients for the interaction terms indicated that the LDL-cholesterol-lowering effect observed in carriers of the E2 allele (Ϫ0.532 mmol/L; P < 0.001; Table 4 ) was absent in male nondrinkers (0.538 mmol/L; P < 0.01). Likewise, the usual elevating effect observed in carriers 
FIGURE 1.
Mean (± SEM) plasma LDL-cholesterol concentrations by APOE genotype and alcohol intake status in men and women. ANOVA: in men, NS for nondrinkers and P < 0.001 for drinkers; in women, P < 0.001 for both nondrinkers and drinkers. There was a significant interaction (P < 0.01) between alcohol intake and the effect of APOE allele type on LDL-cholesterol concentrations in men, but not in women. For analytical purposes, genotypes E2/E2 and E2/E3 were grouped as E2, genotypes E3/E4 and E4/E4 as E4, and genotype E3/E3 as E3. Subjects with the E2/E4 genotype were excluded from the analysis. of the E4 allele on LDL cholesterol (0.157 mmol/L; P < 0.05) was also absent in male nondrinkers (Ϫ0.339 mmol/L; P < 0.05). The interaction described between alcohol and APOE allele type was present in all categories of saturated fat intake. The interaction term between APOE allele type and saturated fat intake was not significant when included in these models and it was removed in subsequent analyses.
For the whole male cohort, the average effect of the E2 allele on LDL-cholesterol concentrations was Ϫ0.334 mmol/L, the average effect of the E3 allele was 0.034 mmol/L, and the average effect of the E4 allele was 0.098 mmol/L. In drinking men, the average effects of the E2, E3, and E4 alleles were Ϫ0.450, 0.002, and 0.160 mmol/L, respectively. In nondrinking men, the average effects of the E2, E3, and E4 alleles were Ϫ0.004, 0.112, and Ϫ0.004 mmol/L, respectively. These results agree with the data in Table 4 for the men carrying the E2 or E4 allele.
Mean LDL-cholesterol concentrations in men and women by APOE allele type and stratified by alcohol intake (no, moderate, and high) are shown in Table 5 . The effects of APOE allele type were not significantly different between moderate and heavy drinkers. In men, the interaction term between APOE allele type and alcohol intake remained significant (P = 0.004). However, only comparisons of nondrinkers with moderate or heavy drinkers were significant and there were no significant differences between moderate and heavy drinkers. In women, the interaction term between APOE allele type and alcohol intake was not significant.
Partial regression coefficients between alcohol intake (square root of the value in g/d) and LDL-cholesterol concentrations are ALCOHOL, APOLIPOPROTEIN E POLYMORPHISM, AND LDL 741 shown Table 6 . In men carrying the E2 allele, a negative and significant association (r = Ϫ0.279, ␤ = Ϫ0.104, P = 0.002) was found between alcohol intake and LDL-cholesterol concentrations. In men carrying the E4 allele, the association between alcohol and LDL-cholesterol concentrations was positive and significant (r = 0.198, ␤ = 0.064, P = 0.008). The statistical associations were not significant in either men or women with the E3 allele. When nondrinkers were excluded from the previous analysis (data not shown), only the negative association of alcohol intake and LDLcholesterol concentrations observed for men with the E2 allele remained significant (r = Ϫ0.214, ␤ = Ϫ0.082, P < 0.05).
DISCUSSION
This study showed a significant interaction between alcohol intake and APOE allele type in men and supported the concept that the effects of APOE genetic variability on plasma lipid concentrations are dependent on environmental factors. The effects of APOE polymorphism on LDL-cholesterol concentrations (1-3) were not observed in nondrinking men. In this group, the expected lowering effect of the E2 allele was absent and the elevating effect of the E4 allele was reversed.
Previous studies reported significant interactions between APOE allele type and plasma lipid responses to both dietary and pharmacologic therapies (39) . However, most of these studies did not investigate the effects of the interactions between alcohol intake and APOE allele type on lipid concentrations, and the diet studies focused on fat and cholesterol intakes rather than on alcohol intake. Although the results of these studies are controversial (40) , it has been hypothesized that the contribution of the E4 allele to elevated LDL-cholesterol concentrations is higher in the presence of an atherogenic diet (39) . Moreover, several authors suggest that a low-fat diet can suppress the deleterious effects of the E4 allele on plasma lipids (7, (41) (42) (43) . Along these lines, a study carried out in a Native American rural population following a traditional lifestyle reported no significant differences in LDL-cholesterol concentrations between subjects with the E3/E3 and E3/E4 genotypes (7). Kamboh et al (41) reported similar results in Mayan Indians living in Mexico. Considering that Native American populations living their traditional lifestyle do not consume large amounts of alcohol, our reported interaction with alcohol intake, in addition to the dietary fat hypothesis, could explain the results reported in those studies. This geneenvironment interaction hypothesis could also be applied to studies reported by Deiana et al (42) and Sandholzer et al (43) . However, these studies did not present data on diet and alcohol intake and the data were not stratified by sex.
The results of the present study support the importance of considering alcohol intake and sex when examining genotypephenotype associations. In the present study, the inclusion of a sex interaction term in the multivariate model, stratification by alcohol intake and genotype, and the additional control for confounders such as dietary fat allowed the identification of an interaction between APOE allele type and alcohol intake. In studies in which these factors were not considered, the alcohol interaction effects may have been masked and therefore ignored.
Another subject of interest in studying gene-environment interactions is the influence of age (43) . The APOE allelic effect may differ in the elderly (5, 6, 44, 45) . This possible effect was assessed in male twins followed longitudinally for 15 y (5). At exam 1 (mean age: 48 y), total and LDL cholesterol were lower in the E3 group than in the E4 group, but at exam 3 (mean age: 63 y), total and LDL-cholesterol concentrations were higher in the E3 group than in the E4 group. Aging could also explain the lack of association between E4 allele type and LDL-cholesterol concentrations reported in a multiethnic elderly population (6) . The reasons for these age-related differences are unclear. Other studies showed that dietary fat and alcohol intakes are lower in the elderly (46) (47) (48) (49) . According to our data, the APOE allelic effects observed in the general population should not be present in population groups consuming little or no alcohol.
These effects may also apply to children. Although some studies (50, 51) showed an APOE allelic effect on LDL cholesterol in children, others did not (52, 53) . Assuming that these children did not drink alcoholic beverages, these results are consistent with those observed in the nondrinking men in our study.
Although this is the first description of an APOE-alcohol interaction affecting lipid concentrations, Kauma et al (54) reported a male-specific interaction between APOE alleles and alcohol intake in a study to determine the effects of this interaction on blood pressure. The influence of sex differences on the effects of alcohol on plasma lipids have rarely been studied (55) , possibly because of the added complexity introduced by hormonally induced changes in lipids during menopause (56), during hormonal therapy in women (57) , and throughout the menstrual cycle (58) . Estrogens may be crucial in determining the effect of alcohol and the possible interaction between alcohol and APOE genotype. An interaction with estrogens may explain the reported gene-sex interactions affecting several loci and environmental factors (39, 59) . However, the lack of information on hormone concentrations in the population we studied prevented us from verifying this interaction.
In interpreting our findings, we should consider several aspects. First, this is a cross-sectional analysis and we did not determine the temporal sequence of the observed results. Second, alcohol intake was self-reported and may have been subject to bias. The nondifferential response error in the Framingham Study was estimated to be low (60) . In addition, alcohol intake was used mainly as a 2-category variable (intake or no intake), which eliminates bias in the estimation of the amount consumed. Factors affecting this dichotomized classification may have been more important in our study. However, the denial of alcohol use by drinkers was likely low, considering the excellent rapport between the participants and the investigators in the Framingham Offspring Study (25) . The possibility that nondrinkers declare some alcohol consumption is remote (61) . Finally, the limitation pointed out by Shaper (62) , arguing that a group of supposed nondrinkers usually consists of subjects who have reduced their alcohol intake because of preexisting disease, was minimized in the present study because subjects with CHD or who were taking lipid-lowering medication were excluded. Another issue relates to the possible confounding of fat intake on the effect of alcohol. In populations whose intakes of fat and cholesterol vary with alcohol intake, diet may distort the relation between alcohol intake and CHD in general or that between alcohol intake and LDL cholesterol in particular (63) . Thus, because fat intake differs among alcohol drinkers (64) , the association between alcohol intake and CHD is more accurate if dietary habits are controlled for. In the present study, the initial effect described for alcohol remained after fat and energy intakes were controlled for in the multivariate models. In addition, BMI and tobacco smoking were controlled for in our analyses because alcohol intake was shown previously to be directly associated with tobacco smoking and several studies found a lower BMI in drinkers than in nondrinkers (65, 66) . Because other potential confounding factors, such as physical activity, may still vary among subjects with different alcohol intakes, we cannot exclude the possibility that this finding may represent a spurious association. All of these factors need to be examined. The biochemical mechanism underlying the reported interaction is unknown. Considering the numerous metabolic pathways potentially influenced by ethanol (67), several hypotheses are possible, including effects on endogenous hepatic and intestinal cholesterol synthesis, increased rates of intestinal cholesterol absorption, activation of lipoprotein lipase, inhibition of cholesteryl ester transfer protein, LDL modification, and consequently a change in the LDL-receptor binding affinity (68) (69) (70) (71) . It is known that the E2 allele has a low affinity for binding to LDL receptors (45) . In addition, LDL particles in alcohol drinkers are smaller and probably acetylated, which also reduces their affinity for LDL receptors (70, 72) . In the absence of alcohol, men with the E2 allele may have LDL-cholesterol concentrations similar to those of individuals with the E3 allele, but in the presence of alcohol the lower affinity of the E2 allele to the receptors may be magnified, resulting in an increase in LDL receptors and a decrease in LDL-cholesterol concentrations. In subjects with the E4 allele, VLDLs are apo E enriched and these particles may be taken up more readily by the liver, thus decreasing the expression of LDL receptors and increasing plasma LDL-cholesterol concentrations. Alcohol induces an increase in postprandial lipemia and in triacylglycerol-rich lipoprotein remnants, resulting in greater cholesterol uptake by hepatic receptors, which will down-regulate LDL receptors even farther and enhance the cholesterol-raising effect of E4 (73, 74) .
Although cause and effect were not shown in this study, our findings support the hypothesis that the effects of APOE allele type on plasma lipids and CHD risk are modulated by environmental factors. The interaction effect of alcohol and APOE alleles on LDL-cholesterol concentrations in men was consistent and independent of saturated fat and energy intakes, smoking, or BMI. However, we did not detect a similar effect in women, suggesting a gene-sex interaction. Our data also suggest that part of the variability in the effects of alcohol drinking on LDLcholesterol concentrations may have been due to the sex distribution and genetic makeup of the sample studied.
